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Abstract
The importance of gene regulation in animal evolution is a matter of long-standing interest, but measuring the impact of
selection on gene expression has proven a challenge. Here, we propose a selection index of gene expression as a
straightforward method for assessing the mode and strength of selection operating on gene expression levels. The index is
based on the widely used McDonald-Kreitman test and requires the estimation of four quantities: the within-species and
between-species expression variances as well as the sequence heterozygosity and divergence of neutrally evolving
sequences. We apply the method to data from human and chimpanzee lymphoblastoid cell lines and show that gene
expression is in general under strong stabilizing selection. We also demonstrate how the same framework can be used to
estimate the proportion of adaptive gene expression evolution.
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Introduction
It has long been suggested that the phenotypic divergence
between species is often due to alterations in gene expression [1–
3]. It is therefore of great interest to investigate the selection
pressures that shape gene expression evolution. If the regulatory
regions are already known, a number of sequence analysis tools
can be used to test for positive and negative selection acting on the
relevant sequences [4–7]; however, such information is scarce.
While expression quantitative trait loci (eQTLs) have been used to
detect very recent cases of positive selection [8], the use of
sequence analysis methods on a larger scale generally relies on
assumptions regarding which sequences are involved in regulation
[9–13] and will therefore exclude currently unidentified regulators,
such as many distant-acting elements, in spite of their potentially
substantial contribution to gene regulation [14]. Furthermore, the
studied sequences may experience selection due to other reasons,
which could mistakenly be attributed to gene regulation.
A more desirable solution would therefore be to infer selection
directly from gene expression data without requiring knowledge of
regulatory sequences. Much effort has been made to investigate
the evolutionary dynamics of gene expression and identify
expression shifts that may be due to adaptive evolution [15–19],
but the interpretation of these results is not straightforward as our
limited knowledge of gene expression evolution makes it difficult to
establish a suitable null model against which observations can be
evaluated. To overcome this issue, Fraser et al. [20] used the
prediction that eQTLs affecting neutrally evolving genes would
not tend to change expression in a specific direction to search for
positively selected genes in mice, however the method requires the
investigated lineages to be able to produce hybrid offspring and is
therefore unsuitable for most comparisons between species. A
second option has been to estimate the magnitude of gene
expression divergence under neutral evolution based on the
mutational variance [21] or the mutational heritability [22], but to
directly estimate these quantities from mutation accumulation
experiments is only feasible for species with short generation times
that can be reared under laboratory conditions [23,24]. For other
species, such as humans and chimpanzees, it has been suggested
that expressed pseudogenes could serve as a neutral standard [25],
but it is not clear whether they fulfil the requirement of being non-
functional [26] and they are not common.
The alternative to estimating the rate of neutral gene expression
evolution experimentally is to develop a null hypothesis based on
theoretical models. Both neutral models, i.e., where gene
expression divergence increases linearly with time [27] and models
where the increase in expression divergence is curbed by stabilising
selection [28] have been proposed. While these models may
appear mutually exclusive, it may rather be that they represent
different evolutionary phases. Studies of expression divergence in
seven Drosophila species indicate that gene expression divergence
increases rapidly following speciation, but that the rate of the
increase soon tapers off [28]. Thus gene expression evolution in
very closely related species may be best approximated by a neutral
model [27], whereas models that rely on expression optima [28]
may be more appropriate for more diverged species.
Here we present a selection index of gene expression, which can
be used to evaluate the selective forces that shape gene expression
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in a pair of species. The method is an extension of the McDonald-
Kreitman framework, which is frequently used to estimate
selection acting on DNA sequences [29–31]. When the selection
index is close to zero, it indicates that gene expression evolves
neutrally, while negative values indicate stabilising selection and
positive values indicate directional selection. In the latter case, it is
furthermore possible to estimate the proportion of gene expression
evolution that is adaptive.
Materials and Methods
In this paper, we describe a gene expression selection index,
based on the McDonald-Kreitman (MK) test, which was
developed for sequence data. In the MK test the numbers of
synonymous (Ps) and non-synonymous (Pn) polymorphisms are
compared to the numbers of synonymous (Ds) and non-
synonymous (Dn) substitutions. Under a neutral model in which
mutations at synonymous sites are neutral and mutations at non-
synonymous sites are neutral or strongly deleterious, Dn/Ds= Pn/
Ps. In contrast if some non-synonymous mutations are advanta-
geous Dn/Ds.Pn/Ps, and if some are slightly deleterious Dn/
Ds,Pn/Ps [29].
We can formulate a selection index for gene expression
divergence as follows: Let us assume that mutations that affect
gene expression are either neutral or strongly deleterious, and that
a proportion, f, of mutations is neutral. Let us also assume that the
evolution of gene expression over a short time follows that of a
random walk, where expression is measured as the logarithm of
the abundance. If X(t) is the expression level at time t, then
X tð Þ{X 0ð Þð Þ2~mfts2 ð1Þ
where m is the mutation rate and s2 is the increase of gene
expression per neutral mutation [32]. Hence the squared
difference in expression between two individuals, be they of the
same or different species is
E tð Þ~ X1 tð Þ{X2 tð Þð Þ2~2mfts2 ð2Þ
The squared difference is expected to increase linearly with
time, i.e. the variance in gene expression between individuals is
expected to increase linearly with time [32,33]. This is expected to
be true over the shorter time scale, but there will eventually be
limits as to how high or low expression can evolve [28].
Let us split the divergence between the two individuals into
three time periods: tb, the time between the most recent common
ancestors in each species for the locus in question; twi, the expected
time to coalescence for two randomly chosen lineages in species i,
and tci, the difference between twi and the time at which all lineages
coalesce (Figure 1). For a recombining sequence each of these
times will be the average across sites within the locus in question. If
mutations are strongly deleterious or neutral, then the sequence
divergence between individuals is linearly related to the time that
separates them
S tð Þ~2mt ð3Þ
so the divergence between species, Sb, is expected to equal S(tb) and
the divergence between individuals of the same species, Sw, is
expected to be S(tw).
We can make a similar argument for expression divergence:
The expected expression divergence between species, Eb, is
therefore expected to be equal to E(tb) and the average expression
divergence between pairs of individuals within a species, Ew, is
expected to be E(tw). Let us also define Ec=E(tc). Hence we expect
under strict neutrality to have Eb/Ew= Sb/Sw. This may be
rearranged analogously to the MK test above: Eb/Sb=Ew/Sw, to
give the selection index, which is similar to the fixation index that
has been proposed for nucleotide sequences [34–36]:
SI~log2 EbSw= EwSbð Þð Þ ð4Þ
We need to estimate the variance in expression between species
(Eb) and between individuals within a species (Ew). This can be
accomplished by using a nested analysis of variance (ANOVA), in
which the variance between individuals can be divided into error
variance, the variance between individuals within a species and the
variance between species [18]. The variance between individuals
within a species, Vw, is an estimate of Ew, and the variance between
species, Vb, is an estimate of Eb+Ec. Similarly we can consider the
average divergence between individuals within a species, the
nucleotide diversity, p, to be an estimate of Sw, and the average
divergence between individuals of different species, d, to be an
estimate of Sb+Sc+Sw. If we assume that tc is small relative to tb, we
can ignore Ec and Sc and estimate the selection index as
SI~log2 Vb!p= !Vw d{!pð Þð Þð Þ ð5Þ
where the averages are across species. If expression or sequence
data is not available for both species, then we suggest that we
assume that the within-species expression variance and nucleotide
diversity in the species with missing data are the same as in the
species for which we have data. Our method assumes that neutral
sequence divergence at the locus whose expression is being
analysed is an appropriate neutral standard and that tb and tw are
the same for the expression and sequence data. This is likely to be
the case for cis-acting mutations, which appear to comprise the
bulk of gene regulatory mutations [37,38]. To estimate SI for
groups of genes we suggest using the average values of Vb, Vw, d
Figure 1. Tree illustrating the time between the most recent
common ancestors of each species (tb), the expected time to
coalescence for two randomly chosen lineages within a given
species (tw) and the difference between tw and the time at
which all lineages coalesce (tc).
doi:10.1371/journal.pone.0034935.g001
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and !p across loci; in doing this we are effectively averaging tb and
tw across loci, so even if some proportion of regulatory mutations
are trans-acting, this is unlikely to affect our estimates substantially.
When the selection index is positive, i.e., when we have evidence
of positive selection, we can also estimate the proportion of
adaptive gene expression change, ae: If we assume that some
expression mutations are advantageous then we expect Eb/
Sb.Ew/Sw because advantageous mutations contribute more to
divergence than they do to polymorphism. If we assume that the
advantageous mutations are rare, but strongly selected, then we
can ignore their contribution to polymorphism, as an advanta-
geous mutation contributes at most twice the nucleotide diversity
of a neutral mutation [39]. We then have
Ew~2mftws
2 ð6Þ
and
Eb~(2mftbs
2)=(1{ae) ð7Þ
where ae is the proportion of the expression divergence driven by
positive selection. Hence
ae~1{EwSb=(EbSw) ð8Þ
or, following the same reasoning as for the selection index:
ae~1{ !Vw d{!pð Þ= Vb!pð Þ ð9Þ
This is analogous to the method for estimating the proportion of
substitutions driven by positive selection [30].
Data analysis
To estimate Vw and Vb from experimental data, we used a
previously published expression dataset from human and chim-
panzee lymphoblastoid cell lines, measured on the human-specific
Affymetrix U133A microarray [40]. We masked the data by
removing all probes that did not have a unique perfect match in
the chimpanzee genome. Probe sets with less than four remaining
probes were discarded, as smaller probe sets tend to give unreliable
results [41]. Expression values were calculated with the robust
microchip average (RMA) method as implemented in Bioconduc-
tor [42–44]. For genes with multiple probe sets on the array, we
chose a single probe set at random to represent that gene.
The dataset from Choy et al. [40] included cell lines derived
from 5 chimpanzees and 46 humans, of which 13 were of
European descent (CEU), 19 of Han Chinese or Japanese descent
(CHB/JPT) and 14 of Yoruba descent (YRI). For each human
sample, two replicates were available, whereas three or four
replicates were available for the chimpanzee samples. To achieve a
balanced experimental design, five individuals were randomly
chosen from each of the human populations, and two replicates
were randomly chosen for each chimpanzee individual, so that for
each analysis we had five humans and five chimpanzees with two
replicates each. The between-species, within-species and error
variance components were then estimated by nested ANOVA of
the log-transformed expression values, with the modification that
we calculated separate estimates for the human and chimpanzee
within-species and error variances.
To verify that our variance estimates were unbiased even in
cases with unequal variances, we used the same method to analyse
simulated expression datasets that were based on the model
yijk~mizIijzeijk ð10Þ
where yijk is the log2 expression value for species i, individual j and
replicate k, mi is the true mean, Iij represents individual variation
and eijk is the measurement error. The values for mI, Iij and eijk were
drawn from normal distributions with variance corresponding to
the between-species, within-species and error variances displayed
in Table 1.
Estimates of p and d for each gene were obtained as follows: We
extracted the intron coordinates of all human autosomal protein-
coding genes in Ensembl release 56 [45]. To further ensure that
we were working with purely neutral sequences, we removed any
sequences that were within 50 bp of a splice junction or that
overlapped with exons from other genes. We also removed
conserved elements identified by the phastCons program [46] by
excluding all sequences that featured in the ‘Primate El’ table of
the Conservation track for the human genome release hg18 in the
UCSC Genome Browser [47]. The SNP frequency spectra for
these neutral sequences in the CEU, CHB/JPT and YRI
populations were taken from low coverage pilot data from the
1000 Genomes Project [48]. To correct for the limited power to
detect very rare variants, we divided the number of observed SNPs
at different frequencies by the power to detect SNPs at that
frequency (estimates of detection power were kindly provided by
Adam Auton). To estimate the degree of sequence divergence, we
downloaded blastz alignments [49] of the human and chimpanzee
genomes (releases hg18 and panTro2, respectively) from the
UCSC genome browser [47,50,51]. We excluded sites where the
human sequence was unknown (‘N’) or where the chimpanzee
sequence had a quality score of 40 or below, as judged from the
Quality Scores track in the UCSC Genome Browser.
In equations 5 and 9 we need to subtract the average nucleotide
diversity, across our two species, from d. Unfortunately we do not
have data from chimpanzee and so we assumed that the nucleotide
diversity for each gene was the same in humans and chimpanzees.
The true chimpanzee value is likely to be larger [52,53], which
means that our estimate of d is slightly inflated and will cause our
test to be somewhat conservative. To test whether this had a major
influence on our results, we repeated the analysis, assuming that
the chimpanzee average heterozygosity was 10-fold larger than the
one found in humans.
To gauge the accuracy of selection index estimates for
individual genes, we generated datasets of 5000 genes where all
Table 1. Nested ANOVA estimates of variance components
based on datasets with unequal variances.
Vb Vwh Veh Vwc Vec
Average 0.061 (0.06) 0.020 (0.02) 0.063 (0.06) 0.051 (0.05) 0.096 (0.10)
Higher Ve 0.061 (0.06) 0.020 (0.02) 0.060 (0.06) 0.046 (0.05) 1.002 (1.00)
Higher Vw 0.062 (0.06) 0.020 (0.02) 0.600 (0.06) 0.492 (0.50) 0.101 (0.10)
Higher Ve
and Vw
0.062 (0.06) 0.020 (0.02) 0.060 (0.06) 0.512 (0.50) 0.995 (1.00)
Vb is the between-species variance, Vwh the human within-species variance, Veh
the human error variance, Vwc the chimpanzee within-species variance and Vec
is the chimpanzee error variance. The variance estimates were averaged across
10000 simulations. The true variances used to generate the data are given in
brackets. The first set of simulations was based on the average observed
variances in humans and chimpanzee, and the chimpanzee error variance and
within-species variances were then increased by a factor of 10.
doi:10.1371/journal.pone.0034935.t001
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genes had a true selection index of 25, 22, 0, 2 or 5. In our
simulations, we drew Vw from a uniform distribution ranging from
1024 to 1 and used this value and the true selection index to set the
true Vb for that gene. Note that the results of this analysis are
independent of the magnitude of Vw. We then estimated Vb based
on two species means drawn from a normal distribution with a
mean of 0 and variance corresponding to the true Vb, and used this
to calculate the estimated selection index.
Results
We propose a selection index for gene expression based on the
well-established McDonald-Kreitman test for sequence data [29].
Under a neutral scenario, suitably measured expression divergence
is expected to increase linearly with time, just as we expect for
neutral sequence evolution. We can therefore construct the index
by contrasting the expression divergence between and within
species to the level of neutral sequence divergence between and
within species. Negative values of the selection index are indicative
of stabilizing selection, whereas positive values suggest adaptive
evolution. Here, we have applied the selection index to gene
expression data from human and chimpanzee cell lines [40]. We
chose this dataset because it contains replicate measurements from
multiple individuals from both species, allowing us to remove the
error variance from our estimates of between-species and within-
species expression variance using nested ANOVA.
Nested ANOVA assumes that the experimental design is
balanced, that the data is normally distributed and that variances
do not differ between groups [54]. Before proceeding, we therefore
ensured that the expression data fulfilled these requirements. The
design of the original dataset was not balanced, as it contained
different numbers of individuals and replicates for the two species.
Although methods exist to estimate variance components based on
unbalanced designs, they tend to be either cumbersome or give
biased results [55]. We therefore chose to balance the design by
randomly excluding some of the raw data, leaving us with five
individuals and two replicates from chimpanzees and from each of
the three human populations represented in the original dataset.
After processing the resulting dataset (see Materials and Methods)
we examined the distributions of the standardised log-transformed
expression values, which in all cases proved to be approximately
normal. However, using single-classification ANOVA to estimate
the within-species and error variance for each gene, we found that
the variances were not equal: the average human within-species
variance was 0.02 while the average chimpanzee within-species
variance was 0.05. The difference could be due to the fact that
chimpanzees have a higher effective population size than humans
do [56,57], or because the sampled chimpanzees were bred in
captivity and may therefore belong to different subspecies [58].
The mean error variance also differed between humans and
chimpanzees, which might reflect variation in the establishment
and maintenance of the cell lines. However, unequal variances are
only problematic if they introduce bias into the nested ANOVA
procedure. To test if this was the case, we simulated datasets of
10000 replicates with differing within-species and error variances,
calculated the variance components using nested ANOVA and
compared the estimated between-species variance to the set value
(Table 1). We found that a 10-fold increase in chimpanzee within-
species and error variances only had a marginal effect on the
between-species variance estimate, which was overestimated by
around 3%. In cases with unequal variances our test may therefore
give a biased estimate of the selection index, but the overall effect
is negligible.
We used intronic sequences as our neutral reference as it has
previously been shown that mammalian introns are essentially
neutral [59]. For these sequences we estimated the average
divergence, d, between human and chimpanzee, as well as the
nucleotide diversity, p, for the three human populations CEU,
CHB/JPT and YRI [48]. In total, we had expression and
sequence data for 7302 genes, which we used to calculate the
selection index for each of the three human populations versus
chimpanzee by averaging the values of Vb, Vw, d and !p across loci
and then applying equation 5 (Table 2). We constructed
confidence intervals for these estimates by bootstrapping the data
by gene, i.e., by randomly choosing genes (with replacement) from
our original data, recalculating the selection index for these new
datasets and choosing the confidence limits in such a way that
2.5% of our simulated selection index values fell above the upper
limit and 2.5% below the lower limit. In all cases, the selection
index was significantly negative. While the estimate was somewhat
higher for the CHB/JPT population, this is likely to be an artefact
caused by the high error variance for these samples (Table 2),
rather than a sign of varying selection pressures among human
populations. Our results therefore indicate that gene expression
divergence between humans and chimpanzees increases in a non-
linear fashion and that stabilising selection plays a dominant role
in shaping gene expression evolution even over short evolutionary
distances.
Even though this dataset does not fulfil the requirements for
estimation of the proportion of adaptive evolution, ae, we may still
ask whether, in spite of the overarching trend of strong stabilising
selection, we can use the selection index to identify adaptively
evolving genes. In principle, a positive estimate of the selection
index for a single gene can be taken as an indication of positive
selection. To evaluate the performance of this method, we
investigated the distribution of gene-specific estimates of the
selection index under different evolutionary scenarios, by consid-
ering an ideal experiment where both gene expression and
sequence variation could be measured without error for an infinite
number of individuals. Under these conditions, any discrepancy
between the true and the estimated value of the selection index will
stem from the estimation of the between-species expression
variance based on the two species means. As shown in Figure 2
there is considerable overlap between the distributions of selection
index estimates for positively and negatively selected genes, even
when all experimental error is removed. This illustrates an
important difference between the evolution of gene expression and
the evolution of DNA sequences: While for each gene we can base
our estimate of sequence divergence on multiple sites, we only
have a single measure of gene expression divergence. We therefore
recommend the use of the selection index as a straightforward
method to capture the main evolutionary trends for larger groups
of genes, but caution against its use on a single-gene basis.
Simulations such as those that we have presented here can be a
valuable tool to assess the performance of the selection index in
different conditions and could also be extended to include
parameters for experimental error and sample size to fit a
particular experimental setup.
Discussion
The gene expression selection index encapsulates the main
selective forces that affect gene expression levels in two species. It
complements previous approaches that require multiple species
comparisons to draw conclusions about evolutionary trends
[17,25,28]. Our method has some similarities to the test of
selection developed by Lemos et al. [22], but we infer the rate of
A Selection Index for Gene Expression Evolution
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neutral gene expression evolution from sequence data, rather than
from a combination of estimates of divergence times, generation
times and the typical range of mutational heritability for
phenotypic characters. Furthermore, as the analysed expression
and sequence data come from the same set of genes, we reduce the
problem of sampling the neutral standard from a different
genomic region to that in which regulatory changes are probably
occurring.
In our analysis, we have made the assumption that all regulatory
mutations have taken place in cis rather than trans. We believe that
this is a reasonable simplification, based on experimental evidence
suggesting that cis-regulatory effects are more common [37,38].
However, with a more complete knowledge of the regulatory
structure of different genomes, it will be possible to further refine
our model to also take trans-regulatory mutations into account. For
example, if it is known that the change in expression of a given
gene is primarily due to a specific regulatory factor that operates in
trans, it might be more appropriate to base the neutral expectation
on sequences from the trans factor locus. However we note that our
method is most useful when applied to a set of genes, meaning that
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Figure 2. Estimates of the selection index for individual genes
under different evolutionary scenarios, assuming that all
measurements are without error and can be obtained from
an infinite number of individuals. A. Genes with true SI =22
(negative selection) in red, genes with true SI = 0 (neutral evolution) in
green and genes with true SI = 2 (positive selection) in blue. B. Genes
with true SI =25 in red, true SI = 0 in green and true SI = 5 in blue.
doi:10.1371/journal.pone.0034935.g002
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d and !p are estimates of the genome-wide values. Hence, our
estimate of the selection index will be unbiased unless the genes
responsible for trans changes have unusual values of d and p.
Our estimates of the selection index for human and chimpanzee
lymphoblastoid cell lines suggest prevalent stabilising selection on
gene expression levels. While this contradicts some early estimates
[25,60], it is in line with later analyses of primate gene expression
[17,22]. Thus our study reinforces the view that gene expression
evolution is constrained by negative selection even over relatively
short time spans.
To what extent are lymphoblastoid cell lines a suitable system to
study gene expression evolution? It is known that many genes are
differentially expressed between these cell lines and the cells from
which they were originally derived, although the magnitude of
change tends to be minor [61]. On the other hand, the use of cell
lines that can be grown under control conditions has some
potential advantages over tissue samples, where it is often not
possible to match individuals with regard to environmental factors
have been found to influence gene expression [62,63]. Another
question is whether lymphoblastoid cell lines are representative of
the entire organism, as the selection index will vary between
tissues, cell types and developmental stages. While our results are
consistent with analyses of brain and liver from adult humans and
chimpanzees [17,22], we cannot exclude that an equivalent
analysis of other samples could lead to different conclusions. We
do however note that lymphoblastoid cell lines are derived from
blood cells involved in the body’s immune response and that genes
with functions in immunity show signs of positive selection on both
protein-coding and non-coding sequences [11]. We therefore do
not have any reason to believe that these cell lines should be
particularly void of adaptive changes in gene expression, which
could cause the selection index to be exceptionally low. We
therefore consider it very likely that strong stabilising selection is a
general feature of human and chimpanzee gene expression
evolution.
Negative estimates of the selection index do not necessarily
imply that the species under study have not experienced adaptive
evolution of gene expression, as positive selection acting on a few
genes might be overshadowed by negative selection acting on
others. The extent to which human gene expression evolution has
been adaptive is however a question that remains to be settled:
Lemos et al. [22] did not identify any targets of positive selection in
human and chimpanzee brain and liver, while Kudaravalli et al.
[8] estimated that 0.1% of human genes had experienced very
recent positive selection, as judged from lymphoblastoid cell lines
from the YRI population. Contrary to this, Brawand et al. [64]
identified a number of candidates for positive selection based on
their analysis of gene expression in six tissues. The difference in
sensitivity between these analyses might to some extent be
explained by the use of different null hypotheses: Lemos et al.
[22] assumed that the between-species variance accumulated in a
linear fashion, while Brawand et al. [64] used a model that
incorporated strong stabilising selection. Our results indicate that
this latter model is preferable for humans and chimpanzees, even
though they diverged relatively recently.
When the selection index is positive, it is possible to calculate the
proportion of the between-species expression variance that is
contributed by adaptive evolution, ae. This estimate is likely to be
conservative as some genes may be constrained by stabilising
selection. Assuming constant population size, a value of ae that is
significantly above 0 is therefore powerful evidence of the role of
positive selection. While human-chimpanzee comparisons do not
currently lend themselves to this type of analysis, it would be
interesting to investigate gene expression evolution within the
Drosophila genus, as some of the species may be closely enough
related for gene expression divergence to increase relatively
linearly [28] and positive selection on protein-coding sequences
has played a much larger role in Drosophila than in mammals
[31,65]. Following the method of Eyre-Walker and Keightley [66]
it might also be possible to determine the distribution of fitness
effects for mutations that affect gene expression and use this
information to control for the effects of slightly deleterious
mutations that contribute to within-species but not between-
species expression variance, thereby making it possible to calculate
ae for a wider range of species, including humans and
chimpanzees.
Acknowledgments
We thank Roman Yelensky for assistance with the gene expression data,
Adam Auton, Richard Durbin and Gil McVean for sharing information
related to the 1000 Genomes Project and several reviewers for insightful
comments that helped improve the manuscript.
Author Contributions
Conceived and designed the experiments: MW AEW. Performed the
experiments: MW AEW. Analyzed the data: MW AEW. Wrote the paper:
MW AEW.
References
1. Britten RJ, Davidson EH (1969) Gene regulation for higher cells: a theory.
Science 165: 349–357.
2. King MC, Wilson AC (1975) Evolution at two levels in humans and
chimpanzees. Science 188: 107–116.
3. Wray GA (2007) The evolutionary significance of cis-regulatory mutations. Nat
Rev Genet 8: 206–216.
4. Gaffney DJ, Blekhman R, Majewski J (2008) Selective constraints in
experimentally defined primate regulatory regions. PLoS Genet 4: e1000157.
5. Jenkins DL, Ortori CA, Brookfield JF (1995) A test for adaptive change in DNA
sequences controlling transcription. Proc Biol Sci 261: 203–207.
6. Kohn MH, Fang S, Wu CI (2004) Inference of positive and negative selection on
the 59 regulatory regions of Drosophila genes. Mol Biol Evol 21: 374–383.
7. Rockman MV, Hahn MW, Soranzo N, Zimprich F, Goldstein DB, et al. (2005)
Ancient and recent positive selection transformed opioid cis-regulation in
humans. PLoS Biol 3: e387.
8. Kudaravalli S, Veyrieras JB, Stranger BE, Dermitzakis ET, Pritchard JK (2009)
Gene expression levels are a target of recent natural selection in the human
genome. Mol Biol Evol 26: 649–658.
9. Andolfatto P (2005) Adaptive evolution of non-coding DNA in Drosophila.
Nature 437: 1149–1152.
10. Babbitt CC, Fedrigo O, Pfefferle AD, Boyle AP, Horvath JE, et al. (2010) Both
noncoding and protein-coding RNAs contribute to gene expression evolution in
the primate brain. Genome Biol Evol 2: 67–79.
11. Haygood R, Fedrigo O, Hanson B, Yokoyama KD, Wray GA (2007) Promoter
regions of many neural- and nutrition-related genes have experienced positive
selection during human evolution. Nat Genet 39: 1140–1144.
12. Holloway AK, Lawniczak MK, Mezey JG, Begun DJ, Jones CD (2007) Adaptive
gene expression divergence inferred from population genomics. PLoS Genet 3:
2007–2013.
13. Torgerson DG, Boyko AR, Hernandez RD, Indap A, Hu X, et al. (2009)
Evolutionary processes acting on candidate cis-regulatory regions in humans
inferred from patterns of polymorphism and divergence. PLoS Genet 5:
e1000592.
14. Visel A, Rubin EM, Pennacchio LA (2009) Genomic views of distant-acting
enhancers. Nature 461: 199–205.
15. Blekhman R, Marioni JC, Zumbo P, Stephens M, Gilad Y (2010) Sex-specific
and lineage-specific alternative splicing in primates. Genome Res 20: 180–189.
16. Blekhman R, Oshlack A, Chabot AE, Smyth GK, Gilad Y (2008) Gene
regulation in primates evolves under tissue-specific selection pressures. PLoS
Genet 4: e1000271.
17. Gilad Y, Oshlack A, Smyth GK, Speed TP, White KP (2006) Expression
profiling in primates reveals a rapid evolution of human transcription factors.
Nature 440: 242–245.
18. Nuzhdin SV, Wayne ML, Harmon KL, McIntyre LM (2004) Common pattern
of evolution of gene expression level and protein sequence in Drosophila. Mol
Biol Evol 21: 1308–1317.
A Selection Index for Gene Expression Evolution
PLoS ONE | www.plosone.org 6 April 2012 | Volume 7 | Issue 4 | e34935
19. Whitehead A, Crawford DL (2006) Neutral and adaptive variation in gene
expression. Proc Natl Acad Sci U S A 103: 5425–5430.
20. Fraser HB, Babak T, Tsang J, Zhou Y, Zhang B, et al. (2011) Systematic
detection of polygenic cis-regulatory evolution. PLoS Genet 7: e1002023.
21. Rifkin SA, Kim J, White KP (2003) Evolution of gene expression in the
Drosophila melanogaster subgroup. Nat Genet 33: 138–144.
22. Lemos B, Bettencourt BR, Meiklejohn CD, Hartl DL (2005) Evolution of
proteins and gene expression levels are coupled in Drosophila and are
independently associated with mRNA abundance, protein length, and number
of protein-protein interactions. Mol Biol Evol 22: 1345–1354.
23. Rifkin SA, Houle D, Kim J, White KP (2005) A mutation accumulation assay
reveals a broad capacity for rapid evolution of gene expression. Nature 438:
220–223.
24. Denver DR, Morris K, Streelman JT, Kim SK, Lynch M, et al. (2005) The
transcriptional consequences of mutation and natural selection in Caenorhabdi-
tis elegans. Nat Genet 37: 544–548.
25. Khaitovich P, Weiss G, Lachmann M, Hellmann I, Enard W, et al. (2004) A
neutral model of transcriptome evolution. PLoS Biol 2: E132.
26. Svensson O, Arvestad L, Lagergren J (2006) Genome-wide survey for
biologically functional pseudogenes. PLoS Comput Biol 2: e46.
27. Khaitovich P, Enard W, Lachmann M, Paabo S (2006) Evolution of primate
gene expression. Nat Rev Genet 7: 693–702.
28. Bedford T, Hartl DL (2009) Optimization of gene expression by natural
selection. Proc Natl Acad Sci U S A 106: 1133–1138.
29. McDonald JH, Kreitman M (1991) Adaptive protein evolution at the Adh locus
in Drosophila. Nature 351: 652–654.
30. Fay JC, Wyckoff GJ, Wu CI (2001) Positive and negative selection on the human
genome. Genetics 158: 1227–1234.
31. Eyre-Walker A (2006) The genomic rate of adaptive evolution. Trends Ecol Evol
21: 569–575.
32. Khaitovich P, Paabo S, Weiss G (2005) Toward a neutral evolutionary model of
gene expression. Genetics 170: 929–939.
33. Pereira V, Waxman D, Eyre-Walker A (2009) A problem with the correlation
coefficient as a measure of gene expression divergence. Genetics 183:
1597–1600.
34. Shapiro JA, Huang W, Zhang C, Hubisz MJ, Lu J, et al. (2007) Adaptive genic
evolution in the Drosophila genomes. Proc Natl Acad Sci U S A 104:
2271–2276.
35. Tachida H (2000) DNA evolution under weak selection. Gene 261: 3–9.
36. Gojobori J, Tang H, Akey JM, Wu CI (2007) Adaptive evolution in humans
revealed by the negative correlation between the polymorphism and fixation
phases of evolution. Proc Natl Acad Sci U S A 104: 3907–3912.
37. Gordon KL, Ruvinsky I (2012) Tempo and mode in evolution of transcriptional
regulation. PLoS Genet 8: e1002432.
38. Wilson MD, Barbosa-Morais NL, Schmidt D, Conboy CM, Vanes L, et al.
(2008) Species-specific transcription in mice carrying human chromosome 21.
Science 322: 434–438.
39. Kimura M (1969) The number of heterozygous nucleotide sites maintained in a
finite population due to steady flux of mutations. Genetics 61: 893–903.
40. Choy E, Yelensky R, Bonakdar S, Plenge RM, Saxena R, et al. (2008) Genetic
analysis of human traits in vitro: drug response and gene expression in
lymphoblastoid cell lines. PLoS Genet 4: e1000287.
41. Lu J, Lee JC, Salit ML, Cam MC (2007) Transcript-based redefinition of
grouped oligonucleotide probe sets using AceView: high-resolution annotation
for microarrays. BMC Bioinformatics 8: 108.
42. Irizarry RA, Bolstad BM, Collin F, Cope LM, Hobbs B, et al. (2003) Summaries
of Affymetrix GeneChip probe level data. Nucleic Acids Res 31: e15.
43. Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, et al. (2003)
Exploration, normalization, and summaries of high density oligonucleotide array
probe level data. Biostatistics 4: 249–264.
44. Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, et al. (2004)
Bioconductor: open software development for computational biology and
bioinformatics. Genome Biol 5: R80.
45. Flicek P, Aken BL, Ballester B, Beal K, Bragin E, et al. (2010) Ensembl’s 10th
year. Nucleic Acids Res 38: D557–562.
46. Siepel A, Bejerano G, Pedersen JS, Hinrichs AS, Hou M, et al. (2005)
Evolutionarily conserved elements in vertebrate, insect, worm, and yeast
genomes. Genome Res 15: 1034–1050.
47. Rhead B, Karolchik D, Kuhn RM, Hinrichs AS, Zweig AS, et al. (2010) The
UCSC Genome Browser database: update 2010. Nucleic Acids Res 38:
D613–619.
48. The 1000 Genomes Project Consortium (2010) A map of human genome
variation from population-scale sequencing. Nature 467: 1061–1073.
49. Schwartz S, Kent WJ, Smit A, Zhang Z, Baertsch R, et al. (2003) Human-mouse
alignments with BLASTZ. Genome Res 13: 103–107.
50. Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, et al. (2001) Initial
sequencing and analysis of the human genome. Nature 409: 860–921.
51. Chimpanzee Sequencing and Analysis Consortium (2005) Initial sequence of the
chimpanzee genome and comparison with the human genome. Nature 437:
69–87.
52. Fischer A, Pollack J, Thalmann O, Nickel B, Paabo S (2006) Demographic
history and genetic differentiation in apes. Curr Biol 16: 1133–1138.
53. Yu N, Jensen-Seaman MI, Chemnick L, Kidd JR, Deinard AS, et al. (2003) Low
nucleotide diversity in chimpanzees and bonobos. Genetics 164: 1511–1518.
54. Sokal RR, Rohlf FJ (1995) Biometry : the principles and practice of statistics in
biological research. New York: Freeman. xix, 887 p.
55. Sahai H, Ojeda MM (2003) Analysis of variance for random models, Vol. II:
Unbalanced data. Boston, Mass.: Birkha¨user. 496 p.
56. Eyre-Walker A, Keightley PD, Smith NG, Gaffney D (2002) Quantifying the
slightly deleterious mutation model of molecular evolution. Mol Biol Evol 19:
2142–2149.
57. Hey J (2010) The divergence of chimpanzee species and subspecies as revealed
in multipopulation isolation-with-migration analyses. Mol Biol Evol 27:
921–933.
58. Becquet C, Patterson N, Stone AC, Przeworski M, Reich D (2007) Genetic
structure of chimpanzee populations. PLoS Genet 3: e66.
59. Gaffney DJ, Keightley PD (2006) Genomic selective constraints in murid
noncoding DNA. PLoS Genet 2: e204.
60. Yanai I, Graur D, Ophir R (2004) Incongruent expression profiles between
human and mouse orthologous genes suggest widespread neutral evolution of
transcription control. OMICS 8: 15–24.
61. Caliskan M, Cusanovich DA, Ober C, Gilad Y (2011) The effects of EBV
transformation on gene expression levels and methylation profiles. Hum Mol
Genet 20: 1643–1652.
62. Somel M, Creely H, Franz H, Mueller U, Lachmann M, et al. (2008) Human
and chimpanzee gene expression differences replicated in mice fed different
diets. PLoS One 3: e1504.
63. Hodgins-Davis A, Townsend JP (2009) Evolving gene expression: from G to E to
GxE. Trends Ecol Evol 24: 649–658.
64. Brawand D, Soumillon M, Necsulea A, Julien P, Csardi G, et al. (2011) The
evolution of gene expression levels in mammalian organs. Nature 478: 343–348.
65. Boyko AR, Williamson SH, Indap AR, Degenhardt JD, Hernandez RD, et al.
(2008) Assessing the evolutionary impact of amino acid mutations in the human
genome. PLoS Genet 4: e1000083.
66. Eyre-Walker A, Keightley PD (2009) Estimating the rate of adaptive molecular
evolution in the presence of slightly deleterious mutations and population size
change. Mol Biol Evol 26: 2097–2108.
A Selection Index for Gene Expression Evolution
PLoS ONE | www.plosone.org 7 April 2012 | Volume 7 | Issue 4 | e34935
